We report generation of four-wave mixing enhanced by electromagnetically induced transparency and optical pumping in a ladder-type atomic system. When two pumping laser beams are used to form a conjugate small-angle static grating, both four-wave and six-wave mixing processes are shown to exist at the same time. Interference between these two nonlinear wave-mixing signals is experimentally demonstrated. © 2007 Optical Society of America OCIS codes: 190.4380, 270.4180, 300.2570, 320.7110, 030.1670 Enhanced four-wave mixing (FWM) processes have been experimentally demonstrated recently in multilevel atomic systems with induced atomic coherence. [1] [2] [3] [4] [5] Under electromagnetically induced transparency (EIT) 6,7 conditions, not only can the third-order nonlinear susceptibilities can be resonantly enhanced but also the generated FWM signals can be allowed to transmit through the atomic medium with little absorption. Recently, efficient sixwave mixing (SWM) has also been observed in a fourlevel closed-cycle N-type rubidium atomic system 8 and doubly excited autoionizing Rydberg states of Ba atoms.
Enhanced four-wave mixing (FWM) processes have been experimentally demonstrated recently in multilevel atomic systems with induced atomic coherence. [1] [2] [3] [4] [5] Under electromagnetically induced transparency (EIT) 6, 7 conditions, not only can the third-order nonlinear susceptibilities can be resonantly enhanced but also the generated FWM signals can be allowed to transmit through the atomic medium with little absorption. Recently, efficient sixwave mixing (SWM) has also been observed in a fourlevel closed-cycle N-type rubidium atomic system 8 and doubly excited autoionizing Rydberg states of Ba atoms. 9 Contrary to the case of solid or liquid media (in which FWM and SWM signals can be generated at the same time), 10, 11 only either FWM processes or SWM processes were experimentally generated in typical closed-cycle multilevel atomic systems done previously, [1] [2] [3] [4] [5] 8, 9 depending on the arrangements of lasers and number of energy levels involved.
In this Letter, we describe our experimental observation of efficient FWM process assisted by opening an EIT window and enhanced by optical pumping, as shown in Fig. 1(a) . Destructive interference between three photons (two coupling and one probe) and the generated signal photon (or three-photon EIT) was measured in the FWM signals. More importantly, we demonstrate co-existing FWM and SWM processes in one system by adding two pumping beams in an adjacent atomic transition in the system, as shown in Fig. 1(b) , and show interference between these two nonlinear wave-mixing signals.
The two relevant experimental systems are shown in Figs. 1(a) and 1(b). Five energy levels from 87 Rb atoms (in vapor cell) are involved in the experimental schemes. In the first experiment [ Fig. 1(a) ], energy levels of ͉0͘ (5s 1/2 , F =2), ͉1͘ ͑5p 3/2 ͒, and ͉2͘ ͑5d 3/2 ͒ form a cascade three-level atomic system. With coupling beam E 2 (or E 2 Ј͒ (connecting transition ͉1͘ to ͉2͘) propagating in the opposite direction of the weak probe field E p (connecting transition ͉0͘ to ͉1 Ͼ ͘), as shown in Fig. 1(c) , the two-photon Doppler-free EIT condition is satisfied 7 and a narrow EIT window is obtained for the probe beam, which is well understood.
As Fig. 1(c) indicates, E 2 , E 2 Ј, and E 3 (E 3 Ј blocked)
propagate through the atomic cell with a small angle (about 0.3°), and E p goes in the opposite direction, also with a small angle. From phase-matching condition k f = k 1 + k 2 − k 2 Ј, the generated FWM signal E f (due to one probe photon from E p and two coupling photons from E 2 and E 2 Ј, respectively) falls in a slightly different direction [lower right corner in Fig.  1(c) ]. When a pumping beam E 3 [connecting transition 5s 1/2 ͑F =1͒ −5p 1/2 ] is added, the FWM signal is greatly enhanced due to pumped population from 5s 1/2 ͑F =1͒ state, as shown in Fig. 2(a) , which is measured at a frequency detuning of ⌬ 2 = −450 MHz (where ⌬ i = ⍀ i − i , ⍀ i is the atomic transition frequency, and i is the corresponding laser frequency). Such an enhanced FWM effect due to optical pumping saturates quickly as P 3 reaches 15-20 mW. The generated FWM signal is inside the EIT window of the cascade system, so as the coupling or probe frequency detuning changes, the FWM signal will follow the EIT window to appear at different frequencies. Figure 2(b) shows the FWM signals as a function of the coupling beam frequency detuning for three different probe detuning values (with E 3 blocked). As one can see, for ⌬ 1 = 0, the FWM signal is symmetric and has a dip in the middle ͑⌬ 2 =0͒, which is a result of three-photon destructive interference [i.e., a threephoton (one probe photon plus two coupling photons] process interferes with the generated signal photon destructively, as was shown in the fluorescence detection. 12 As the probe detuning changes, the double-peak FWM signal becomes asymmetric but is still within the EIT window.
Next, we consider a different laser configuration with two laser beams (E 3 and E 3 Ј) in the pumping transition (from 5s 1/2 ͑F =1͒ to 5p 1/2 ) and one laser beam E 2 in the coupling transition (from 5p 3/2 to 5d 3/2 ), as shown in Fig. 1(b) . The pumping beams (E 3 and E 3 Ј) are 70 mW each, and the coupling beam power is 33 mW. The probe beam is still kept at 3.6 mW. In this configuration, both FWM and SWM processes can co-exist and be generated in the same direction, as shown in Fig. 1(c) , satisfying phase- Fig. 1(d) ], which can be considered as scattering of E p field over the small-angle static grating formed by the conjugate field pair of E 3 and E 3 Ј. Since the probe field E p propagates in the opposite direction of the pumping fields E 3 and E 3 Ј, such a generated FWM signal is Doppler broadened and is identified to be the broad peak in the bottom curve of Fig. 3(a) . This FWM signal is determined by the phase-matching condition, by the frequency detunings, and by blocking each of the beams E p , E 3 , and E 3 Ј. Similarly, the SWM process (signal E s ͒ can also exist, at the same time, with one photon each from E p , E 3 , E 3 Ј, and two photons from the same coupling beam E 2 , as shown in Fig. 1(e) . Again, one can consider such a SWM process as scattering of the FWM signal (in the cascade system) over the small-angle static grating formed by the strong E 3 and E 3 Ј fields. Since this FWM process (from the cascade system) is within the EIT window of the cascade system, the generated SWM signal also falls in the same EIT window, as shown in Fig.  3 (a) (the narrow peak in the left of the bottom curve). Again, this SWM signal can be identified by blocking each of the participating laser beams, the phasematching condition, and the frequency detunings of the participating laser beams. First, we intentionally tune the FWM and SWM signals apart by choosing different frequency detunings of the coupling and pumping beams [bottom curve in Fig. 3(a) ]. As the coupling beam frequency detuning ⌬ 2 is tuned to satisfy the condition of ⌬ 1 =−⌬ 2 = ⌬ 3 , the generated FWM and SWM signals move together to overlap with each other and start to interfere, as shown in the top curves of Fig. 3(a) .
To quantitatively understand such a phenomenon of interference between FWM and SWM processes, we need to use perturbation chain expressions involving all the third-and fifth-order nonlinear wavemixing processes. Although the calculations are very tedious, the final result can be written in a simple form of 10 Ϸ 10 ͑3͒ + 10 ͑5͒ . 10 ͑3͒ and 10 ͑5͒ are the nonlinear density-matrix elements. The total detected intensity at the location of E f and E s [as shown in Fig. 1(c) ] is given by 
where i0 and ⌫ i0 are the dipole moments and the transverse relaxation rates between states ͉0͘ and ͉i͘, respectively. Using parameters similar to the ones in our experiment, we can plot the detected total intensity as a function of the probe frequency detuning with different coupling frequency detunings, as shown in Fig.  3(b) . The Doppler effect is considered by integrating with an atomic Boltzman velocity distribution in the calculation. 7 It can be seen that the theoretically calculated results match quite well with the experimentally measured curves presented in Fig. 3(a) , showing clear interference between the FWM and SWM signals as the sharp SWM signal merges into the Doppler-broadened FWM peak [top two curves in Fig.  3(b) ]. Such theoretical calculation confirms the coexistence of and interference between the FWM and SWM processes.
